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Abstract This study analyzed eleven genomic segments of
three Korean porcine G8P[7] group A rotavirus (RVA)
strains. Phylogenetically, these strains contained two
bovine-like and nine porcine-like genomic segments. Eight
genes (VP1, VP2, VP6 and NSP1-NSP5) of strains 156-1
and 42-1 and seven genes (VP1, VP2, VP6 and NSP2-
NSP5) of strain C-1 clustered closely with porcine and
porcine-like animal strains and distantly from typical
human Wa-like strains. The VP3-M2 genotype of these
strains clustered closely with bovine-like strains, but dis-
tantly with typical human DS-1-like strains. These data
indicate that multiple reassortments involving porcine and
bovine RVA strains in Korea must have occurred.
Group A rotavirus (RVA), a member of the genus Ro-
tavirus in the family Reoviridae, contains eleven segments
of double-stranded (ds) genomic RNA enclosed in a triple-
layered capsid [1]. These 11 genome segments encode six
structural (VP1-VP4, VP6 and VP7) and six non-structural
proteins (NSP1-NSP6) [1]. Genetic reassortment of RVA
during mixed infections, leading to progeny viruses with
novel or atypical phenotypes, is an important mechanism to
generate genetic diversity of RVAs [1].
RVA diarrhea is the major cause of mortality in children
in developing countries and causes enormous economic
losses in the livestock industry worldwide [1–4]. Likewise,
the Korean pig industry also suffers large losses, and the
prevalence of porcine RVA infections has been estimated at
38.3 % [5]. To develop vaccines, a prerequisite is to identify
the genotypes or serotypes of RVA strains circulating in the
field. Although a genotype classification system exists for all
eleven RVA gene segments [6], the VP7 G-genotype (G
stands for glycoprotein) and the VP4 P-genotype (P stands
for protease-sensitive) are frequently determined because of
their high relevance for immune protection and vaccine
development [1]. Contrary to the findings of worldwide
surveillance reports about G and P genotype combinations of
porcine RVAs [7], the most common G and P genotype
combinations of porcine RVAs in Korea are G5P[7], fol-
lowed by G8P[7] and G9P[7] [5]. It should be noted that the
G8 genotype is one of the most common bovine genotypes
[5]. However, genomic and phylogenetic data on the 11
genome segments of porcine reassortant G8P[7] RVA strains
circulating on Korean farms are very scarce. In the present
study, three unusual porcine G8P[7] strains were selected
from 98 porcine RVAs strains [5], and full-length ORF
nucleotide sequences of the eleven genomic segments were
determined and anlysed to elucidate the evolutionary history
of these strains.
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The fecal samples used for the isolation of Korean
porcine RVA strains 156-1, 42-1 and C-1 were obtained
from 3-, 22- and 60-day-old pigs from three different pig
farms located in Younggwang, Gokseong and Gwangyan
counties, respectively. These strains were isolated and
identified as G8P[7] reassortant strains by genotyping of
their VP7 and VP4 genes [5]. Total RNA extracted from
RVA-infected TF-104 cells (a cloned derivative of MA-
104 monkey kidney cells) was used for one-step RT-PCR
with primer pairs specific for each genomic segment
(Supplementary Table 1) [8]. The extracted PCR products
were ligated, subcloned, and sequenced as described pre-
viously [8].
Using the DNAsis MAX DNA Basic Module (MiraiBio,
Alameda, CA, USA), the full-length ORF sequences of the
11 genomic segments of 156-1, 42-1 and C-1 strains were
compared with those of other reference RVA strains.
Phylogenetic and molecular evolutionary analyses were
done using the MEGA 6 software package [9]. The genetic
distances among our strains and reference strains were
calculated using the Kimura 2- parameter model at the
nucleotide level, and phylogenetic trees were constructed
using the neighbor-joining method with 1000 bootstrap
replicates. Sequence similarities between RVA strains were
investigated using the homology and distance matrices
method in the DNAMAN version 6.0 program (Lynnon,
Vaudreuil, Quebec, Canada). The GenBank accession
numbers of the 11 genome segments of the RVA strains
used in this study are listed in Supplementary Tables 2 to
12.
The genotype constellations of the Korean porcine
reassortant RVA strains 156-1, 42-1 and C-1 are shown in
Table 1. The genotype constellation of the 156-1 and 42-1
strains was found to be G8-P[7]-I5-R1-C1-M2-A1-N1-T1-
E1-H1, whereas C-1 had the genotype constellation
G8-P[7]-I5-R1-C1-M2-A8-N1-T1-E1-H1. These results
indicated that strains 156-1 and 42-1 possessed two
bovine-like genotypes (VP7: G8, and VP3: M2) and nine
porcine-like genotypes (VP4: P[7], VP6: I5, VP1: R1,
VP2: C1, NSP1: A1, NSP2: N1, NSP3: T1, NSP4: E1 and
NSP5: H1). The genotype constellation of these two
strains was exactly the same as that of the previously
characterized Korean porcine and bovine reassortant
G8P[7] strains RVA/Pig-tc/KOR/174-1/2006/G8P[7] and
RVA/Cow-tc/KOR/KJ56-1/2004/G8P[7] (Table 1). The
remaining Korean strain C-1 had the same genotypes as
156-1 and 42-1, except for the porcine-like A8 genotype
NSP1 segment. This genotype constellation is the same as
Table 1 Genotype constellations of three Korean porcine G8P[7] rotavirus strains (colour figure online)
Straina Genotype constellation
b
VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5
RVA/Pig-tc/KOR/C-1/2006/G8P[7] G8 P[7] I5 R1 C1 M2 A8 N1 T1 E1 H1
RVA/Pig-tc/KOR/156-1/2006/G8P[7] G8 P[7] I5 R1 C1 M2 A1 N1 T1 E1 H1
RVA/Pig-tc/KOR/42-1/2006/G8P[7] G8 P[7] I5 R1 C1 M2 A1 N1 T1 E1 H1
RVA/Pig-tc/KOR/174-1/2006/G8P[7] G8 P[7] I5 R1 C1 M2 A1 N1 T1 E1 H1
RVA/Cow-tc/KOR/KJ56-1/2004/G8P[7] G8 P[7] I5 R1 C1 M2 A1 N1 T1 E1 H1
RVA/Pig-tc/KOR/PRG9121/2006/G9P[7] G9 P[7] I5 R1 C1 M1 A8 N1 T1 E1 H1
RVA/Pig-tc/MEX/YM/1983/G11P9[7] G11 P[7] I5 R1 C1 M1 A8 N1 T1 E1 H1
RVA/Panda-xx/CHN/CH-1/2008/G1P[7] G1 P[7] I5 R1 C1 M1 A1 N1 T1 E1 H1
RVA/Pig-tc/USA/OSU/1977/G5P9[7] G5 P[7] I5 R1 C1 M1 A1 N1 T1 E1 H1
RVA/Pig-tc/VEN/A131/1988/G3P9[7] G3 P[7] I5 R1 C2 M1 A1 N1 T1 E1 H1
RVA/Pig-tc/VEN/A253/1988/G11P9[7] G11 P[7] I5 R1 C2 M1 A1 N1 T1 E1 H1
RVA/Human-tc/USA/Wa/1974/G1P1A[8] G1 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1
RVA/Pig-tc/USA/Gottfried/1983/G4P[6] G4 P[6] I1 R1 C1 M1 A8 N1 T1 E1 H1
RVA/Cow-tc/Japan /Niigata9801/1998/G8P[14] G8 P[14] Ix Rx Cx Mx Ax Nx Tx Ex Hx
RVA/Human-tc/COD /DRC86/2003/G8P[6] G8 P[6] I2 R2 C2 M2 A2 N2 T2 E2 H2
RVA/Human-tc/USA/DS-1/1976/G2P1B[4] G2 P[4] I2 R2 C2 M2 A2 N2 T2 E2 H2
a Strains used in this study are indicated in bold
b Purple and blue represent typical bovine (VP7) and porcine (VP7, VP4, VP6 and NSP1) genotypes, respectively. Bright green represents the
Wa-like (human/porcine) genotypes, whereas dark green represents different clusters within the Wa-like genotypes. Red is for the DS-1-like
(human/bovine genotypes) genotypes. X indicates an unknown genotype
cFig. 1 Phylogenetic trees based on the full-length ORF nucleotide
sequences of the VP6, VP2, VP1 and VP3 genes. Bootstrap values
(1000 replicates) above 70 % are shown. For each strain, the
following data are given: Rotavirus species-virus type/country/com-
mon strain name/isolation year/G and P genotypes. The strains
sequenced in this study are represented by closed circles. Porcine
strains are shown in blue. Bovine strains are shown in purple. Typical
human Wa-like and DS-1-like strains are displayed in green and red,
respectively. Strains shown in orange are suspected to have resulted
from interspecies transmission events between pigs and humans.
Underlined strains are believed to be reassortant strains (colour
figure online)
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that of another previously reported Korean porcine reas-
sortant, strain 174-1 [10]. Moreover, the above genotype
constellation was found in the majority of Korean bovine
reassortant strains [11]. These data suggest that reassort-
ment events between porcine and bovine RVA strains
might occur frequently in Korea, resulting in fit,
stable strains that are able to spread throughout the
Korean swine population.
The data obtained for full-length ORF nucleotide
sequencing and phylogenetic analysis of the eleven geno-
mic segments of our strains and other known strains are
shown in Figs. 1 and 2, Supplementary Figs. 1-3, and
Supplementary Tables 1-11 [6]. Among the VP7-G8
genotype strains, our three Korean reassortant strains
clustered closely with bovine and bovine-like porcine
strains (Supplementary Fig. 1). Interestingly, G8-bearing
human strains shared low nucleotide sequence identity with
animal strains, including our strains (80.9-87.9 %), result-
ing in the formation of separate lineages (Supplementary
Table 2 and Supplementary Fig. 1). Porcine and porcine-
like VP4 genotype P[7] showed genetically diverse evo-
lutionary characteristics. The three Korean porcine reas-
sortant strains closely clustered with OSU-like strains (98.9
to 100 %), including Korean porcine (K71), Korean reas-
sortant bovine (KV0407, KJ19-2, KJ9-1 and KJ25-1), and
porcine-like bovine (K5) strains (Supplementary Fig. 1 and
Supplementary Table 3). Our strains were more distantly
related to other porcine (i.e., A131, YM, PRG9121 and
12R005) (86.7 to 95.1 %) and porcine-like strains such as
equine strain H-1 and bovine strains PP-1 (91.9 to 93.9 %)
(Supplementary Fig. 1 and Supplementary Table 3).
The VP6-I5 genotype phylogenetic tree could be divided
into three major subcluters in which two of them were
composed of animal (mostly porcine and bovine) strains
and the third subcluster contained porcine and porcine-like
human reassortant strains (Fig. 1). Interestingly, the por-
cine 42-1 and C-1 strains closely clustered with other
porcine and porcine-like bovine reassortant strains (99.8-
100 %), whereas strain 156-1 was located in another sub-
cluster with Korean porcine G9P[23] strains (95.6 %) and
human reassortant strains (90.0 to 94.9 %) (Fig. 1 and
Supplementary Table 4). The VP2 genotype C1 showed
significant genetic diversity, resulting in the formation of
several lineages (Fig. 1). The three Korean strains clus-
tered closely together and were closely related to other
porcine or porcine-like bovine reassortant strains (98.0 to
99.8 %) (Supplementary Table 5). Interestingly, the typical
human Wa-like strains tended to form their own specific
lineages, whereas reassortant human strains clustered in
distinct lineages and were often more closely related to
porcine RVA strains (Fig. 1).
The VP1-R1 genotype showed a high level of genetic
diversity, resulting in the formation of at least four lineages
(Fig. 1). Among these lineages, three Korean strains clus-
tered with porcine, porcine-like bovine and human reas-
sortant strains (90.2 to 99.6 %) (Supplementary Table 6).
The porcine reference strains YM, A131 and A253 clus-
tered together and showed a close relationship to ancient
human RVA strains from the USA (Fig. 1). Typical human
Wa-like strains formed a distinct lineage, distantly related
to an unusual porcine G12 strain. The fourth lineage con-
tained four Korean porcine G9-bearing strains that were
closely related to a single unusual Japanese human strain
(Fig. 1). The VP3-M2 genotype could be largely divided
into two lineages (Fig. 1). The first lineage represented by
human DS-1 mainly contained typical human DS-1-like
strains, some reassortant human strains, and some strains
believed to be interspecies-transmitted strains from cattle
or other members of the order Artiodactyla. The second
lineage mainly contained bovine strains, a few unusual
reassortant human RVA strains, and a few unusual porcine
strains, including the Korean porcine 156-1, 42-1 and C-1
strains (90.9 to 94.9 %) (Fig. 1 and Supplementary
Table 7).
Phylogenetic analysis of NSP1 full-length nucleotide
sequences showed that animal and human strains formed
distinct lineages (Supplementary Fig. 2). The Korean por-
cine reassortant strains 156-1 and 42-1 belonged to the
OSU-like lineage (92.4 to 99.9 %), consisting of porcine,
and porcine-like bovine reassortant strains (Supplementary
Table 8), distinct from several clusters containing typical
human Wa-like strains (Supplementary Fig. 2). The NSP1-
A8 genotype could also be further divided into two main
lineages. The lineage of the NSP1-A8 genotype, which
contained Korean strain C-1, had only porcine and a por-
cine-like equine RVA strains (84.7 to 89.1 %), whereas the
other lineage in this NSP1-A8 genotype was distinct and
included porcine reference strain Gottfried and several
human strains believed to be interspecies-transmitted
viruses from pigs (82.2 to 84.3 % with C-1) (Supplemen-
tary Fig. 2 and Supplementary Table 8). The NSP2-N1
genotype showed high genetic diversity, resulting in the
formation of multiple lineages (Supplementary Fig. 3).
Most clusters contained strains belonging to the same host
species, although multiple occasions of interspecies trans-
missions and reassortants could also be observed (Sup-
plementary Fig. 3). The OSU-like cluster including porcine
reassortant strains C-1 and 42-1 and reference strains
Gottfried, A131 and A253 formed a separate lineage
including several Korean bovine reassortant strains. This
cluster was closely related to a number of typical Wa-like
human strains (93.0 to 94.4 %) (Supplementary Fig. 3 and
Supplementary Table 9). Strain 156-1 was most closely
related to porcine strains YM, PRG942 and PRG921 (95.7
to 95.8 %) and clustered together with several porcine
human reassortant or interspecies-transmitted strains (94.0
J.-G. Park et al.
123
to 94.7 %) (Supplementary Fig. 3 and Supplementary
Table 9).
The NSP3-T1 genotype showed high genetic diversity,
resulting in the formation of several lineages (Fig. 2).
Korean strains 42-1 and C-1 clustered closely with other
known porcine and porcine-like bovine reassortant strains
(92.9 to 99.9 %) (Fig. 2). In contrast, strain 156-1 was
located in the other lineage together with Korean (G9P[7]
and G9P[23]) and Indian (G12P[7]) porcine strains (93.3 to
95.2 %), as well as with human strain Mc323 (92.8 %)
Fig. 2 Phylogenetic trees based on the full-length ORF nucleotide
sequences of the rotavirus NSP3 and NSP4 genes. Bootstrap values
(1000 replicates) above 70 % are shown. For each strain, the
following data are given: Rotavirus species-virus type/country/com-
mon strain name/isolation year/G and P genotypes. The strains
sequenced in this study are represented by closed circles. Porcine
strains are shown in blue. Bovine strains are shown in purple. Typical
human Wa-like strains are displayed in green. Strains shown in
orange are suspected to have resulted from interspecies transmission
events between pigs and humans. Underlined strains are believed to
be reassortant strains (colour figure online)
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(Supplementary Table 10). In general, the animal strains,
including our three Korean strains, were distantly related to
typical human strains including Wa strain (85.2 to 87.9 %)
(Supplementary Table 10). The NSP4-E1 genotype showed
high genetic diversity, forming distinct subclusters
depending on the species from which they originated, with
a small number of cases of interspecies transmissions
(Fig. 2). The three Korean porcine reassortant strains
clustered with porcine and porcine-like bovine strains (98.8
to 100 %) and also had a close relationship to Korean
porcine G9P[7] and G9P[23] strains (92.1 to 94.1 %)
(Supplementary Table 11). The NSP5-H genotype phylo-
genetic tree showed that three Korean strains (ORF: 594
nucleotides) had high nucleotide sequence identities to H1-
genotype strains, including animal and human strains
(92.0-99.8 %), indicating a rather low level of genetic
diversity within genotype H1 (Supplementary Fig. 3 and
Supplementary Table 12). However, both Korean strains,
42-1 and C-1, clustered closely with porcine and porcine-
like animal strains (99.3 to 99.8 %), whereas the strain
156-1 was slightly more distantly related to those strains
(97.1 to 97.7 %) (Supplementary Table 10). Typical
human Wa-like strains formed at least two distinct lineages
and were often closely related to porcine interspecies-
trasmitted strains (Supplementary Fig. 3).
Since the virulent human RVA strain Wa and Wa-like
strains have several genotypes in common with those of
porcine RVAs, human Wa-like RVA strains are believed to
have a common origin with the porcine Wa-like strains [6].
In the present study, seven genomic segments (VP1, VP2
and NSP1-NSP5) of two Korean porcine strains K156-1
and 42-1 and six genomic segments (VP1, VP2 and NSP2-
NSP5) of strain C-1 belonged to the same genotypes as the
human Wa strain (Table 1). However, it should be noted
that animal Wa-like genome segments are phylogenetically
distinct from typical human Wa-like strains (Figs. 1, 2).
Complete genome characterization of recent and ancient
Belgian porcine RVAs and assessment of their evolution-
ary relationship to the human Wa-strain showed that RVAs
from both species have entered different evolutionary
routes, likely resulting in better adaptation to their host
species [4]. This indicated that the observed evolutionary
diversification between porcine and human RVAs might
hamper efficient spreading of porcine strains in the human
population after interspecies transmission, and vice versa
[4]. In addition, the genomic segments of the three Korean
porcine strains (VP1, VP2 and NSP1-NSP5 of strain K156-
1 and 42-1 and VP1, VP2 and NSP2-NSP5 of strain C-1)
are rather closely related to those of Korean porcine and
reassortant porcine and bovine strains (Figs. 1, 2, and
Supplementary Figs. 1-3) [11, 12], supporting the above
hypotheses that distinct evolutionary differentiation occurs
in human and porcine RVAs.
Like the evolutionary relationship between human Wa-
like and porcine RVA strains, human DS-1-like strains are
believed to have a common origin with bovine RVA
strains because they share the same genotypes for six
genomic segments (VP6, VP1-3, NSP2, and NSP4) [6]. In
the present study, three Korean reassortant strains carried
the VP3-M2 genotype, which is commonly detected in
bovine and human DS-1-like strains. Phylogenetically,
however, the VP3 genes of animal strains, including the
current three strains, clustered separately from classical
human DS-1-like strains (75.5 to 89.0 %), suggesting that
RVAs from both species, such as human Wa-like and
porcine RVAs, also have entered different evolutionary
routes [4].
In conclusion, this study investigated three porcine RVA
strains that had an unusual combination of porcine and
bovine RVA genomic segments. These findings contribute
to the growing evidence that reassortment events followed
by interspecies transmission takes place in nature. These
results will be very useful for making decisions about
development of vaccines against porcine and bovine RVAs
circulating in South Korea and for better understanding of
their evolution.
Acknowledgments This study was supported by the Bio-Industry
Technology Development Program (315021-04) through the Korea
Institute of Planning and Evaluation for Technology in Food, Agri-
culture, Forestry and Fisheries (iPET), funded by the Ministry of
Agriculture, Food and Rural Affairs, and a Korea Basic Science Insti-
tute Grant (C33730), Republic of Korea. Chonnam National University
provided funding to Sang-Ik Park (2012-0753, 2013-1539).
References
1. Estes MK, Greenberg HB (2013) Rotaviruses. In: Knipe DM,
Howley PM, Cohen JI, Griffin DE, Lamb RA, Martin MA,
Racaniello VR, Roizman B (eds) Fields virology, 6th edn. Lip-
pincott Williams & Wilkins, Philadelphia, pp 1347–1401
2. Dhama K, Chauhan RS, Mahendran M, Malik SVS (2009)
Rotavirus diarrhea in bovines and other domestic animals. Vet
Res Commun 33:1–23
3. Martella V, Banyai K, Matthijnssens J, Buonavoglia C, Ciarlet M
(2010) Zoonotic aspects of rotaviruses. Vet Microbiol
140:246–255
4. Theuns S, Heylen E, Zeller M, Roukaerts ID, Desmarets LM,
Van Ranst M, Nauwynck HJ, Matthijnssens J (2015) Complete
genome characterization of recent and ancient Belgian pig group
A rotaviruses and assessment of their evolutionary relationship
with human rotaviruses. J Virol 89:1043–1057
5. Kim HJ, Park SI, Ha TP, Jeong YJ, Kim HH, Kwon HJ, Kang MI,
Cho KO, Park SJ (2010) Detection and genotyping of Korean
porcine rotaviruses. Vet Microbiol 144:274–286
6. Matthijnssens J, Ciarlet M, Rahman M, Attoui H, Banyai K, Estes
MK, Gentsch JR, Iturriza-Gomara M, Kirkwood CD, Martella V,
Mertens PP, Nakagomi O, Patton JT, Ruggeri FM, Saif LJ, Santos
N, Steyer A, Taniguchi K, Desselberger U, Van Ranst M (2008)
Recommendations for the classification of group A rotaviruses
using all 11 genomic RNA segments. Arch Virol 153:1621–1629
J.-G. Park et al.
123
7. Papp H, Laszlo B, Jakab F, Ganesh B, De Grazia S, Matthijnssens
J, Ciarlet M, Martella V, Banyai K (2013) Review of group A
rotavirus strains reported in swine and cattle. Vet Microbiol
165:190–199
8. Park JG, Kim HJ, Matthijnssens J, Alfajaro MM, Kim DS, Son
KY, Kwon HJ, Hosmillo M, Ryu EH, Kim JY, Cena RB, Lee JH,
Kang MI, Park SI, Cho KO (2013) Different virulence of porcine
and porcine-like bovine rotavirus strains with genetically nearly
identical genomes in piglets and calves. Vet Res 44:88
9. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013)
MEGA6: molecular evolutionary genetics analysis version 6.0.
Mol Biol Evol 30:2725–2729
10. Park JG, Kim DS, Matthijnssens J, Kwon HJ, Zeller M, Alfajaro
MM, Son KY, Hosmillo M, Ryu EH, Kim JY, Lee JH, Park SJ,
Kang MI, Kwon J, Choi JS, Cho KO (2014) Comparison of
pathogenicities and nucleotide changes between porcine and
bovine reassortant rotavirus strains possessing the same genotype
constellation in piglets and calves. Vet Microbiol 172:51–62
11. Park SI, Matthijnssens J, Saif LJ, Kim HJ, Park JG, Alfajaro MM,
Kim DS, Son KY, Yang DK, Hyun BH, Kang MI, Cho KO
(2011) Reassortment among bovine, porcine and human rotavirus
strains results in G8P[7] and G6P[7] strains isolated from cattle in
South Korea. Vet Microbiol 152:55–66
12. Kim HH, Park JG, Matthijnssens J, Kim HJ, Kwon HJ, Son KY,
Ryu EH, Kim DS, Lee WS, Kang MI, Yang DK, Lee JH, Park SJ,
Cho KO (2013) Pathogenicity of porcine G9P[23] and G9P[7]
rotaviruses in piglets. Vet Microbiol 166:123–137
Korean porcine G8P[7] reassortant rotaviruses
123
